This work aims at the assessment of the occurrence probability of future earthquakes on the Italian territory, conditional to the time elapsed since the last characteristic earthquake on a fault and to the history of the following events on the neighbouring active sources. We start from the estimate of the probability of occurrence in the period 2007-2036 for a characteristic earthquake on geological sources, based on a timedependent renewal model, released in the frame of Project DPC-INGV S2 (2004 -2007 "Assessing the seismogenic potential and the probability of strong earthquakes in Italy". The occurrence rate of a characteristic earthquake is calculated, taking into account both permanent (clock advance) and temporary (rate-and-state) perturbations. The analysis has been carried out on a wide area of Central and Southern Italy, containing Keywords Static Coulomb stress changes in Italy · Brownian passage time · Rate-and-state · Assessment of the occurrence probability of future shocks in Italy
Introduction
In recent years, many models for earthquake recurrence were proposed. The methodology adopted in this study is based on the fusion of the statistical renewal model called Brownian passage time (BPT, Matthews et al. 2002 ) with a physical model. The latter computes the instantaneous change of the static Coulomb stress ( CFF) for the computation of both the permanent and the transient effects of earthquakes occurring on the surrounding sources. The transient effects derive from the rate-and-state model for earthquake nucleation (Dieterich 1994) .
According to the methodology developed in the last decade (Stein et al. 1997; Toda et al. 1998; Parsons 2004 ) and applied by Console et al. (2008) , the probability of the next characteristic earthquake on a known seismogenic structure in a future time interval starts from the estimate of its occurrence rate, conditioned to the time elapsed since the previous event. To do it, two parameters are necessary: the expected mean recurrence time and the aperiodicity of the renewal process (Mc Cann et al. 1979; Shimazaki and Nakata 1980) . Then, a physical model for the Coulomb stress change caused by previous earthquakes on this structure is applied. The influence of this stress change is computed by the introduction of a permanent shift on the time elapsed since the previous earthquake (clock advance or delay) or by a modification of the expected mean recurrence time.
The analysis has been carried out on a wide area of • N; 12-17
• E), containing 32 seismogenetic sources reported in the DISS 3.0.2 database (DISS Working Group 2006; Basili et al. 2008) .
The area is dominated by a fairly uniform extensional regime with a sub-horizontal σ 3 -axis normal to the Apenninic trend (i.e. SW-NE direction). Most of the sources exhibit a normal focal mechanism characterised by NW-SE strike, but we can also observe right-lateral strike-slip faults with almost pure E-W trend.
1.1 Earthquake occurrence probability model adopted A procedure for seismic hazard assessment assumes that all the larger earthquakes occur on known faults for which the mechanism and the size of the characteristic event is given. The process requires the adoption of a probability density function f (t) for the inter-event time between consecutive events on each fault and some basic parameters of the model. Time-independent Poisson model and renewal model based on the knowledge of the last event are the approaches most widely used in literature. The time-independent Poisson model uses an exponential function to model the occurrence of earthquakes, and only one parameter, i.e. the mean recurrence time, is required. The renewal model is the simplest representation of the non-stationarity on seismogenetic processes, and several distribution functions such as BPT, double exponential, gamma, lognormal and Weibull have been applied. In the lack of observational evidences, in this study, we adopt the BPT distribution (Matthews et al. 2002) to represent the inter-event time probability distribution for earthquakes on individual sources. Unlike all the other renewal models, which are based only on an arbitrary choice of the probability density distribution, the BPT is associated to considerations on the fault physical properties (Zöller and Hainzl 2007) . For this model, in addition to the expected mean recurrence time, T r , the coefficient of variation (also known as aperiodicity) α of the inter-event times is required. When α > 1, the time series exhibits clustering properties. Values below the unit indicate the possible presence of periodicity, with increasing regularity for decreasing α.
This distribution function is expressed as:
In this study, we manipulate f (t) by discretised numerical integration. Given the probability density function and the time of the last event, we may obtain the hazard function h(t) under the condition that no other event has occurred during the elapsed time t (i.e. since the occurrence of the last characteristic event) by the following equation:
where S(t) is the survival function and F(t) is the cumulative density function. The hazard function allows the computation of the probability that an event occurs between time t and t + t:
This renewal process assumes that the occurrence of a characteristic event is independent of any external perturbation. In real circumstances, earthquake sources may interact so that earthquake probability may be either increased or decreased with respect to what is expected by a simple renewal model. We consider fault interaction by the computation of the Coulomb static stress change or the Coulomb failure function ( CFF) caused by previous earthquakes on the investigated fault (King et al. 1994) by:
where τ is the shear stress change on a given fault plane (positive in the direction of fault slip), σ n is the fault-normal stress change (positive when unclamped), and μ is the effective coefficient of friction.
The algorithm for CFF calculation assumes an Earth model such as a half space characterised by uniform elastic properties. Fault parameters like strike, dip, rake, dimensions, and average slip are necessary for all the triggering sources. Fault mechanism is also needed for the triggered source (receiver fault) in order to resolve the stress tensor on it. As we are dealing mainly with pre-instrumental events, for which details as fault shape and slip heterogeneity are not known, we assume rectangular faults with uniform stress shop distribution.
The results of such computations show that CFF is strongly variable in space. As discussed by Parsons (2005) , the nucleation point of future earthquakes is unknown. We do not know how the tectonic stress is distributed and often have no information about asperities. What is typically known in advance is that the next earthquake is expected to nucleate somewhere along the fault plane. The CFF is computed as the average between the minimum and maximum depth on the specific fault.
In this study, we consider that the nucleation will occur where the CFF has its maximum value on the horizontal projection of the triggered fault. The effect of Coulomb static stress changes on the probability of an impending characteristic event can be approached from two points of view (Stein et al. 1997) . The first idea is that the stress change can be equivalent to a modification of the expected mean recurrence time, T r , given as:
whereτ is the tectonic stressing rate. Alternatively, the time elapsed since the previous earthquake should be modified from t to t by a shift proportional to CFF, that is:
According to Stein et al. (1997) , both methods yield similar results. In our applications, the alternative between the first and the second view has been decided, in favour of the second one, as explained in Section 3. Equations 5 and 6 express what has been called "permanent effect" of the stress change by Stein et al. (1997) . Then, we need to consider the socalled transient effect, due to rheological properties of the slipping faults. The application of the Dieterich (1994) constitutive friction law to an infinite population of faults leads to the expression of the seismicity rate as a function of time after a sudden stress change:
where R 0 is the seismicity rate before the stress change, A is a dimensionless fault constitutive parameter, σ is the normal stress acting on the fault, t a is a time constant (corresponding to the time at which the rate returns back to the background value) equal to Aσ τ , andτ is the tectonic stressing rate (supposed unchanged by the stress step). The values of this latter parameter have been obtained for each source as explained later in Section 3. In all our applications of Eq. 7, the Aσ free parameter of the model works as a single parameter. Its value can be determined by experimental observations on real seismicity rather than being derived from assumptions on A and σ separately. In this study, we considered Aσ = 0.02 Mpa, a value obtained by a maximum-likelihood best fit of the free parameters of the model applied on a previous unpublished analysis of the Italian seismicity. The time-dependent rate R(t) goes to zero when time goes to infinity.
We apply Eq. 7 to individual faults, with the substitution of the instantaneous value of the conditional occurrence rate in place of the constant background rate R 0 . The assumption of a constant occurrence rate, although the conditional probability obtained for the BPT increases with elapsed time, is justified by the fact that the conditional occurrence rate changes more slowly than R(t) because the time constant T r (typically hundreds to thousands of years) is much larger than t a (typically few years; Stein et al. 1997) .
Once the time-dependent rate R(t) is estimated by Eq. 7, the expected number of events N over a given time interval (t, t + t) is computed by integration:
Under the hypothesis of a generalised Poisson process, we may finally estimate the probability of occurrence for the earthquake in the given time interval:
Data and results
In this study, we consider a wide region of the Apennines, limited by the rectangle of coordinates 40-43
• N and 13-17
• E (Fig. 1) . The implementation of the method outlined in the previous section requires quantitative information about the seismogenetic faults that may interact among each other, such as the hypocentral coordinates, the expected magnitude, the focal mechanism, the fault size, the average slip, the mean recurrence time, and the date of the last event. For this purpose, we used the most comprehensive compilation of information available about Italian seismogenic sources: the Database of Individual Seismogenic Sources (DISS) owned by Istituto Nazionale di Geofisica e Vulcanologia (DISS Working Group 2006; Basili et al. 2008) . Table 1 shows, for the 32 sources examined in this study, besides the code and name of the sources, some of the above-cited quantitative information, as reported in the DISS 3.0.2 database or supplied by other investigators during the project. Some sources in the investigated area have been discarded, as they lack the date of Fig. 1 ; the release of the database (DISS 3.02) is the one chosen as reference model by all the teams working at S2 Project. Considering the methodological character of this study, we accept that the sources given in the DISS release the tectonic stress mainly through characteristic earthquakes, even in lack of evidence for the validity of the characteristic earthquake model in the region under study.
We made direct use of the BPT model described by Eq. 1 with the purpose of a methodological investigation about its properties. The computation of the occurrence conditional probability of future earthquakes would require the knowledge of the mean recurrence time of characteristic earthquakes, based on historical or paleoseismological data.
In lack of historical data spanning a time interval significantly longer than the mean recurrence times on the analysed sources and given also the rareness of paleoseismological data for most of the same sources, we decided to use both the mean recurrence time T r , the aperiodicity parameter α, and the time elapsed since the latest event for each of the 32 seismogenetic sources obtained by L. Peruzza for the INGV-DPC S2 project. These data are reported in the last column of Table 1. A report on the abovementioned project has been reported in 2007 by Peruzza.
The computation of the hazard function conditional to the time elapsed since the latest characteristic earthquake has allowed the estimate of the probability of occurrence of the next possible event in a future time interval (in our case, assumed 30 years long starting on 2007). These probabilities are shown in Table 3 .
We have then analysed the variation of these probabilities by the perturbation produced on the specific individual source by the cumulative stress changes due to the co-seismic slip of all earthquakes that occurred after the latest characteristic earthquake on a certain fault segment.
Among the events that could have potentially changed the stress conditions on the studied faults, we have considered:
-The latest characteristic events associated to the same seismogenetic sources (43 earthquakes reported in DISS), including 11 earthquakes occurred in the surrounding areas; -The events reported in the CPTI04 (2004) catalog associated to the Areal Sources (113 events with M w ≥ 5.0) from results of Task 1 of the INGV-DPC S2 project (Fig. 2); -The events reported in the catalog CSI (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) , three events with M l ≥ 5.0) (Chiarabba et al. 2005 ) plus those reported in the more recent bulletins (2003) (2004) (2005) (2006) , two events with M l ≥ 5.0) (Fig. 2) .
The stress change was computed for each of the 32 receiving sources (Table 1) , using the parameters released in the DISS database (origin time of the latest event, hypocentral coordinates, focal mechanism, fault size and average slip). The earthquake mechanism is needed for both the triggering and receiver faults. The focal mechanisms of the causative events needed for the stress change computation have been taken from the DISS database for the respective sources or inferred from the seismogenic areas to which the events not reported in the DISS database belonged.
We have computed the clock change, t, by the ratio between CFF andτ (tectonic stress change rate). The time change is positive (the fault becomes closer to failure) if the Coulomb stress change is positive. In the opposite case (negative change), the fault becomes farther from failure, being possible, in extreme situations, that the elapsed time is reset to zero. The values ofτ Fig. 2 Map of the events considered in the analysis. The seismogenetic areas to which these events are supposed to belong are also indicated project. These values of strain rate were obtained by different numerical models of deformation for Italy using a finite element method and calculating the nodal velocity by the weighted residual method through the use of the software SHELLS (Bird 1999 ) suitably modified to include the representation of the seismogenic Italian faults. The strain tensor has been resolved on the specific source, taking into account the mechanism of its characteristic earthquakes. The values of the shear strain component so obtained allows the computation ofτ multiplying it by μ = 3 × 10 3 Pa. Table 2 contains, for the 32 seismogenetic sources, the physical parameters relevant for the computation of the clock advance or delay: the strain and the stress rate obtained from geodetic observations, the stress change caused by the subsequent earthquakes and the time change ( t = CFF/τ ). For some of the 32 sources, the clock advance was larger than the mean recurrence time of the source itself. In this case, Eq. 5 cannot be applied. Therefore, for this reason, we always use Eq. 6 for the computation of a modified larger elapsed time. On the contrary, if the clock delay is negative and its modulus is larger than the elapsed time, Eq. 6 (year) time ( would provide a negative modified elapsed time t . In this case, we fix t = 0, as the receiving event had just occurred. These so modified elapsed times have been used for computing new probabilities of an earthquake exceeding the threshold magnitude for the next 30 years after 1 January 2007.
As an example of how our procedure works, if we have a fault with T r = 1, 000 years, t = 800 years, α = 0.5, Eq. 3 gives P(30) = 5.1%. If we assume now a positive clock change t = 400 years and t = 1, 200 yr, the same equation gives an increased probability P mod (30) = 6.1%.
The instantaneous occurrence rates have been used in the application of the rate-and-state model by Eq. 7 for the estimate of the transient effect assuming R 0 = h(t). The probability connected to the transient effect, combined with the permanent effect, has been computed by Eqs. 8 and 9. For the application of Eq. 7, the time constant t a has been obtained through its definition t a = Aσ τ , whereτ , the tectonic stressing rate in the area, is the same as that used for the computation of the clock change on the fault. Table 3 reports, for each of the 32 sources, the time elapsed since the last earthquake, the mean recurrence time, the conditional occurrence probability in the next 30 years, P(30), the probability modified by the permanent effect of the subsequent earthquakes, P_mod(30), and the probability obtained from the sum of the permanent and the transient effect, P_trans(30).
Discussion
As an example of the adopted methodology, the computation of the CFF on the MelandroPergola fault is shown in Fig. 3 .
It is possible to note how the events subsequent to the December 13, 1857 earthquake caused on the different parts of this structure positive stress changes ranging between 0.02 and 0.2MPa.
Failure is encouraged in the source parts where CFF is positive and discouraged if it is negative. The zones with a positive change will have an advance in the expected occurrence time (clock change) of the next large earthquake on the examined source. In the Electronic supplementary materials, the full set of maps representing the earthquake-after-earthquake Coulomb stress changes is given.
From Table 3 , it can be noted that, for most of the sources, the renewal model forecasts a negligible probability of occurrence for the next 30 years, due to the relatively short elapsed time, compared with the mean recurrence time. On the contrary, the sources with elapsed time close to the mean recurrence time exhibit high hazard because of the high periodicity due to very small alpha values. The only two sources that exhibit a probability larger than 20% are ITGG082 (Ascoli Satriano) and ITGG083 (Bisceglie). It is important to note that a time-independent uniform Poisson model would lead to more uniform probability estimates, ranging from 1.2% to 7.5% in 30 years, if the maximum and minimum mean recurrence times given by DISS compilers are taken.
It is interesting to note also that, for some of the sources, the stress change due to the subsequent events, producing a clock advance of several hundred years, has affected the probability of occurrence, increasing significantly its value. This happened in particular, for Norcia Basin (12.7%), San Marco in Lamis (9.2%), Sulmona Basin (15.6%), San Severo (4.1%), Foligno (1.1%) and Ariano Irpino (2.9%). Conversely, the relatively high probability of the two previously mentioned faults (ITGG082 and ITGG083) has dropped to zero due to the negative value of CFF in their area and a consequent large clock delay.
The probabilities obtained from the transient effect are generally smaller than the conditional probabilities obtained from the permanent effect only. This is due to the assumption of constant background rate made for the application of the rate-and-state model. Anyway, the transient effect decays as the supply of nucleation sites is consumed; the duration of the transient is inversely proportional to the fault stressing rate.
In Fig. 4 , the expected probability values in the next 30 years, starting on January 1, 2007, have Fig. 3 Coulomb failure change at a depth of 5.9 km caused by all earthquakes after December 16, 1857. The focal mechanism used in the computation for the receiver fault is assumed the same as that of the "Melandro-Pergola" earthquake. The fault plane solutions of the seismogenetic sources (red boxes) and the events of the CPTI04 that have failed after December 16, 1857 have been added The higher probability is related to Norcia Basin (10.9%) and Sulmona Basin (12.8%). The last characteristic events have occurred on these two sources on January 14, 1703 and December 3, 1315, respectively (Table 1) .
Conclusions
We have applied an algorithm modelling the permanent and transient effects of the stress interaction among faults to 32 seismogenic faults of the Southern Apennines in Italy, which are described in the DISS 3.0.2 database.
The first important conclusion that can be drawn from our study is that the renewal model predicts negligible probabilities of failure of these faults for the next 30 years, except for a few of them. This result is easily explained by the fact that the time elapsed since the latest characteristic earthquake is shorter than the estimated recurrence time for most of the sources examined in this study.
The permanent effect of the stress change affects the conditional probability obtained from the unperturbed model in different ways: For some of them, the probability is significantly increased, while for a few others, it is decreased.
The transient effect, modeling a sort of aftershock rate decay, has a minor role after more than 5 years since the latest event reported in the database, the San Giuliano di Puglia, 2002 earthquake.
We conclude that the application of a timedependent renewal model and the inclusion of stress change effects on the earthquake probability computations may significantly affect the results. The quality of the input data necessary for the estimate of the time-dependent earthquake hazard, such as the mean return time and the coefficient of variation of the BPT model, is a critical factor for the reliability of such estimates. This circumstance, and the rareness of strong earthquakes in the study area, that makes it nearly practically impossible to validate renewal models, does not allow to draw results that can be reliably adopted in substitution of the time-independent Poisson hypothesis based on the Gutenberg-Richter relationship (Console et al. 2008) .
The analysis developed in the frame of S2 project and used in this work are publicly available (http://legacy.ingv.it/progettiSV/).
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